BACKGROUND AND PURPOSE: Impairment of cognitive functions occurs in essential tremor, though the mechanism is largely unknown. The aim of this study was to find microstructural correlates of cognitive dysfunction seen in essential tremor by using DTI and neuropsychological assessment.
ssential tremor (ET) is the most common movement disorder. It is associated with cognitive impairments 1 and behavioral and sleep disturbances, 2 in addition to tremor. Various studies have shown cognitive impairment, especially executive-visuospatial dysfunction and attention deficits, in patients with ET. 3, 4 Voxel-based morphometry studies in ET have found volume reductions in the cerebellum and cerebrum (frontal lobe, insula, and cingulum). 5, 6 While voxel-based morphometry analysis is useful for demonstrating regional GM changes, DTI provides information about the microstructural organization of WM. The most widely used measurements are fractional anisotropy and mean diffusivity. Variations in these measures within WM structures are thought to reflect structural changes such as myelin abnormalities, neuronal damage, microtubule breakdown, and/or axonal loss. The involvement of WM is controversial in ET. In particular, the first diffusion study in ET did not report WM abnormalities, 7 while Shin et al 8 showed fractional anisotropy reduction in the cerebellum, brain stem, and cerebral hemispheres in patients with ET. Recently, a few studies have reported the presence of WM abnormalities in the frontoparietal region and cerebellar peduncles. 9, 10 Thus, structural studies in ET suggest involvement of the cerebellofrontal network, which is known to play an important role in higher level cognitive functions. 11 The aim of the present study was to characterize the brain localization of cognitive dysfunction in ET. To characterize cognitive dysfunction, we used a structured neuropsychological bat-tery. Tract-based spatial statistics (TBSS; http://fsl.fmrib.ox. ac.uk/fsl/fslwiki/TBSS) analysis on DTI images was performed to characterize the microstructural correlates of cognitive performance. Such correlation analysis offers an opportunity to detect the role of WM microstructural damage in cognitive deficits seen in ET.
MATERIALS AND METHODS
We studied 55 patients with ET (mean age, 45.6 Ϯ 11.7 years) and 55 age-, sex-, education-, and handedness-matched healthy controls (HC) (mean age, 46.2 Ϯ 11.4 years) at the National Institute of Mental Health and Neurosciences, India, from December 2011 to August 2013. All subjects were screened with the Mini-Mental State Examination scale and were included if the score was Ն25.
Patient Group
All patients recruited in our study were carefully examined by a movement disorder specialist (P.K.P.). The diagnosis of ET was confirmed by using the National Institutes of Health Collaborative Genetic Criteria. 12 The severity of the tremor was assessed by using the Fahn-Tolosa-Marin tremor rating scale. In all patients, arm tremors were assessed at rest, with their arms extended, and while performing finger-to-nose movements. Head, voice, leg, and trunk tremors were also assessed in addition to arm tremor. Tremor severity was also assessed while writing and performing activities of daily living (such as pouring water and buttoning and unbuttoning a shirt).
The half-life of the commonly used medications for tremor ranges from 5 to 50 hours, and it takes 3-5 plasma half-lives to eliminate a drug from a body. Therefore, patients who were on medications for tremor were asked to stop the medications 2 weeks before the study.
Control Group
Hospital staff, spouses, and nonfamily attendants of patients were recruited as controls. Each control was carefully interviewed and examined to rule out any neurologic conditions and family history of neurodegenerative disorders. The Modified Mini Screen was applied to all of them to rule out the presence of any psychiatric disorder.
The study was approved by the ethics committee of the institution, and all subjects consented to participate in this study.
Neuropsychological Evaluation
All subjects underwent neuropsychological assessment with tests assessing attention, executive functions, memory (visual, verbal, and working memory), and visuospatial functions. In patients, depending on the type of test, a test finding was considered abnormal if the score was 1.5 SDs below or above the mean of the healthy controls. 13 A patient was recognized as cognitively impaired if Ն3 neuropsychological test findings were abnormal. We considered Ն3 tests to increase the stringency of the criteria. Patients were further divided into 2 groups, namely ET with cognitive impairment (ETCI) and ET without cognitive impairment (ETNCI).
Test for Attention and Executive Functions
Wisconsin Card Sorting Test. A computerized version of the Wisconsin Card Sorting Test (Berg's Card Sorting Test; http:// pebl.sourceforge.net/battery.html), which consists of 64 trials, was used. Performance was evaluated on the basis of categories completed, perseverative response, and perseverative errors.
Stroop Test. The Stroop Test is a test of response inhibition. It consists of 3 subtasks having 100 stimuli each. The first subtask shows names of colors printed in black ink in random order. The second subtask displays 1 of 4 basic colors. The third subtask contains names of colors printed in an incongruous ink color; for example, the word "yellow" printed in red ink. The subject is required to inhibit the prepotent or habitual response of reading the word and instead give a new response, which is to name the color of the ink. This is known as Stroop effect.
The time needed to complete each subtask was recorded. Performance was evaluated on the basis of "interference" because it is considered a measure of cognitive flexibility and executive functioning.
14 It was calculated by subtracting the average time needed to complete the first 2 subtasks from the time needed to complete the third subtask.
Color Trails Tests I and II. The Color Trails Test has 3 parts. The time required to perform each part was recorded.
Test for Visuospatial Functions
Line Orientation Test. The Benton's Judgment of Line Orientation Test is considered a valid task for the assessment of visuospatial function. 15 In the present study, we used a self-designed short form of the test (15 items instead of 30), keeping all the parameters similar to those in the original test.
Test for Working Memory
Wechsler Memory Scale III Spatial Span Test. We performed both forward and backward Spatial Span tests to judge the performance.
Test for Verbal and Visual Memory
We used the Rey Auditory Verbal Learning Test and Wechsler Memory Scale III Face Recognition test for evaluation of verbal and visual memories, respectively. In both tests, performance was evaluated on the basis of immediate and delayed recall.
MR Imaging Acquisition
Imaging was performed in all subjects by using an Achieva (Philips Healthcare, Best, the Netherlands) 3T MR imaging scanner. Diffusion-weighted data with 16 directions were acquired by using a 32-channel head coil. In case of severe head tremors, additional cushions were used to stabilize the head. The acquisition parameters were the following: TR/TE ϭ 8782/62 ms, flip angle ϭ 90°, bϭ1000 s/mm 2 , section thickness ϭ 2 mm, number of sections ϭ 60, intersection gap ϭ 0, acquisition matrix ϭ 112 ϫ 112. FLAIR images were also acquired. Before the analysis, all images were screened by a neuroradiologist for the presence of structural abnormalities.
Tract-Based Spatial Statistics
The fMRI of the Brain Software Library (FSL; http://www.fmrib. ox.ac.uk/fsl), Tract-Based Spatial Statistics tool, 16 was used to compare diffusion measures among ETCI, ETNCI, and HC groups and to correlate diffusion measures with neuropsychological assessment scores. DTI data were first corrected for eddy current and head motion. Fractional anisotropy images were then created by fitting a tensor model to the raw diffusion data by using the FMRIB Diffusion Toolbox (http://www.fmrib.ox.ac.uk/fsl/ fdt/index.html) and were extracted by using the Brain Extraction Tool. 17, 18 The fractional anisotropy data of all the subjects were then aligned into a common space by using the FMRIB Nonlinear Registration Tool (FNIRT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ FNIRT). In the next step, the mean fractional anisotropy image was created and thinned to create a mean fractional anisotropy skeleton, which represented the centers of all tracts common to the whole group. To exclude GM or cerebrospinal fluid, the mean fractional anisotropy skeleton was thresholded at 0.2. The aligned fractional anisotropy data of each subject were then projected onto this fractional anisotropy skeleton. In addition to fractional anisotropy, mean diffusivity, radial diffusivity, and axial diffusivity images were also generated.
Statistical Analysis
F-test and Post Hoc Analysis. The F-test was performed among the 3 groups (ETCI, ETNCI, and HC) to investigate differences in DTI measures within the groups. Post hoc analysis was then performed (when appropriate) to evaluate the differences among ETCI versus HC, ETCI versus ETNCI, and ETNCI versus HC. Age, sex, total intracranial volume, disease duration, and FahnTolosa-Marin scale scores were entered as nuisance regressors in the design matrix throughout the analysis. Statistical analysis was performed by using the FSL Randomize Tool (http://fsl.fmrib.ox.ac.uk/ fsl/fslwiki/Randomise/UserGuide) with 5000 permutations.
Correlation Analysis. Correlation analysis was performed to study the relationship between neuropsychological test scores and each of the DTI measures. Neuropsychological test scores were used as a covariate of interest in the framework of a general linear model. Age, sex, total intracranial volume, disease duration, and Fahn-Tolosa-Marin scale scores were entered as nuisance regressors in the design matrix throughout the analysis. Statistical analysis was performed by using the FSL Randomize Tool with 5000 permutations. Threshold-free cluster enhancement was performed to enhance cluster-like structures. 19 Family-wise error correction with P Ͻ .05 was considered significant. In correlation analysis, we did not find any surviving clusters or voxels with analysis corrected for multiple comparisons (family-wise error or false discovery rate correction), so we decided to report the correlation results with P Ͻ .001 (uncorrected for multiple comparisons) as statistically significant.
RESULTS
Thirty-three patients were classified as ETCI. A comparison of the 3 groups with respect to demographic and clinical characteristics is presented in the Table. Intergroup analysis among ETCI, ETNCI, and HC by using ANOVA and between ETCI and ETNCI by using a t test did not show any statistically significant differences in any of the demographic and clinical parameters.
ANOVA and Post Hoc T Test
An F-test performed among the 3 groups was found to be statistically significant in mean diffusivity, radial diffusivity, and axial diffusivity, while it was not significant for fractional anisotropy. On post hoc t test analysis (family-wise error-corrected, P Ͻ .05), the ETCI group compared with HC group showed increased mean diffusivity in the right cingulum and left precuneus (parietal lobe), increased radial diffusivity in the right medial frontal white matter and left cingulum, and increased axial diffusivity in the right cingulum and left medial frontal white matter. The Figure  shows the results of t test analysis performed in ETCI versus HC.
There was no statistically significant difference in any of the diffusion measures for comparisons between ETCI versus ETNCI and ETNCI versus HC groups.
Correlation Analysis
The following correlations (uncorrected for multiple comparisons, P Ͻ .001) between diffusion measures and neuropsychology assessment scores were observed in the ETCI group (On-line Tables 1-3):
1) The number of categories completed on the Wisconsin Card Sorting Test showed a negative correlation with mean diffusivity, radial diffusivity, and axial diffusivity of the right medial frontal gyrus, right cingulum, left anterior thalamic radiations, and bilateral cerebellum (posterior lobe), whereas the number of perseverative errors on the Wisconsin Card Sorting Test positively correlated with mean diffusivity of bilateral anterior thalamic radiations, bilateral superior longitudinal fasciculus, left uncinate fasciculus, left cerebellum (posterior lobe) and radial diffusivity of left anterior thalamic radiations, right superior and inferior longitudinal fasciculus and left uncinate fasciculus.
2) The Stroop Test score showed a positive correlation with mean diffusivity, radial diffusivity, and axial diffusivity of the left anterior thalamic radiations, bilateral superior longitudinal fasciculus, left uncinate fasciculus, and left cerebellum (posterior lobe).
3) The Color Trails Test score positively correlated with mean diffusivity, radial diffusivity, and axial diffusivity of the left anterior thalamic radiations and bilateral superior longitudinal fasciculus.
4) Working memory scores showed a negative correlation with
Clinical and demographic details of study subjects ETCI (n = 33) ETNCI (n = 22) HC (n = 55) mean diffusivity and radial diffusivity of the right medial frontal gyrus, right cingulum, bilateral anterior thalamic radiations, right superior longitudinal fasciculus, and right cerebellum (posterior lobe). 5) Visuospatial scores negatively correlated with mean diffusivity, radial diffusivity of the right parietal lobe (supramarginal), and the right occipital lobe. 6) Verbal memory immediate recall showed a negative correlation with mean diffusivity, radial diffusivity, and axial diffusivity of the bilateral inferior longitudinal fasciculus, right uncinate fasciculus, and bilateral cerebellum (posterior lobe), whereas delayed recall showed a negative correlation with the right anterior thalamic radiations, right inferior longitudinal fasciculus, and right uncinate fasciculus. 7) Visual memory immediate recall showed a negative correlation with mean diffusivity, radial diffusivity, and axial diffusivity of the right inferior longitudinal fasciculus, whereas delayed recall negatively correlated with diffusivity measurements of the right anterior thalamic radiations and bilateral inferior longitudinal fasciculus.
There was no statistically significant correlation between fractional anisotropy and any of the neuropsychology assessment scores in the ETCI group. No significant correlation was found between neuropsychological test scores and any of the diffusion measures in the ETNCI and HC groups.
DISCUSSION
Cognitive impairments often accompany typical motor symptoms of ET. Cognitive impairments related to impairments in the frontal-cerebellar circuit appear to be the most prominent feature of ET. 4 Despite the high prevalence of ET and the impact of cognitive impairments on quality of life, the spectrum and neural basis of these impairments are not fully characterized. Although a number of DTI studies have been conducted to better understand ET pathology, none have focused on the cognitive correlates of the disease. To our knowledge, our study is the first to comprehensively study the broad range of cognitive deficits in ET by using a structured neuropsychological battery and to correlate them with the structural abnormalities identified by using DTI. We analyzed DTI measures that are thought to reflect the following: 1) directional WM integrity (fractional anisotropy), 2) tissue breakdown with increased water content (mean diffusivity), and 3) the integrity of axons versus their adjacent myelin sheaths (radial diffusivity and axial diffusivity). 20 Diffusion anisotropy (fractional anisotropy) may not be enough to better characterize the tissue microstructure. If diffusion changes along the direction of the semi-major axis (axial diffusivity) are proportional to those of the semi-minor axes (radial diffusivity), then fractional anisotropy, which is the ratio of axial diffusivity and radial diffusivity, would remain relatively unchanged. 21 Thus, it is recommended that studies use multiple diffusion tensor measures FIGURE. TBSS analysis (t test) performed in those with ETCI versus HC. Voxels demonstrating significantly (family-wise error-corrected P Ͻ .05) increased mean diffusivity, radial diffusivity, and axial diffusivity in ETCI compared with HC are shown in red-yellow. Voxels are thickened into local tracts and overlaid on the white matter skeleton (green). The design matrix used for the TBSS analysis is shown on the right.
to assess WM integrity comprehensively. 21 Our analysis revealed changes in the ETCI group mainly involving the bilateral frontal parietal WM. The changes were mainly observed in mean diffusivity, radial diffusivity, and axial diffusivity. This finding is similar to those in studies performing whole-brain analysis by using TBSS in patients with ET. 9, 10 Significant changes in fractional anisotropy of the cerebrum and cerebellum have been reported in various region-of-interest-based studies in patients with ET. 8, 9 The reason for these changes is unclear, but a possible explanation might be attributable to subtle changes in fractional anisotropy that can be detected within ROIs, which however may not survive stringent whole-brain statistical analysis. A region-of-interest approach can be artifactual because even a subtle amount of atrophy in a tract of interest could lead to wrong placement of ROIs. 21 Thus, region-of-interest results need to be interpreted with caution.
Executive function is often regarded as the most common cognitive deficit in patients with ET. 4 In the present study, executive and working memory dysfunction showed a correlation with DTI measures in the right medial frontal gyrus, right cingulum, bilateral anterior thalamic radiations, bilateral superior longitudinal fasciculus, left uncinate fasciculus, and bilateral cerebellum (posterior lobe). Our results revealed that executive dysfunction in ET was largely associated with changes in frontal WM. Lesion studies have demonstrated that the frontal lobe is crucial for executive functions. 22 Zheng et al 23 also reported involvement of frontal connections while testing DTI correlates of executive dysfunction in Parkinson disease. However, a meta-analysis of neuroimaging and lesion studies revealed that executive functions are sensitive, but not specific, to frontal lobe functioning, meaning that both frontal and nonfrontal brain regions are necessary for executive functions. 24 Our results are in agreement with this finding. We also found correlation of executive dysfunction with temporal lobe projections. The temporal lobe has several WM projections, including the cingulum, which are involved in many brain functions, such as working memory and attention. 25 The superior longitudinal fasciculus, inferior longitudinal fasciculus, and uncinate fasciculus have an important role in executive function, language, and memory. 26 Our results are suggestive of a possible relationship between WM integrity in the anterior thalamic radiations and executive performance. This finding is consistent with the role of the anterior thalamic radiations in cognition because the anterior thalamic radiations carry fibers from the thalamic nuclei to the prefrontal cortex, which are involved in executive function and planning complex behaviors. [27] [28] [29] [30] Thalamic atrophy has been related to cognitive performance in many neurodegenerative disorders, such as Huntington disease, mostly affecting the executive functioning of patients. 31 Thus, our finding of a correlation between anterior thalamic radiations-impaired diffusivity and executive dysfunction is consistent with prior work, suggesting the importance of thalamic-prefrontal connections in executive control. Neuropathologic research supports the role of cerebellar degeneration in the pathogenesis of ET, but its role in cognitive dysfunction remains unclear. 32 Research in patients with focal lesions (strokes or tumors) and fMRI in healthy subjects has shown the role of the cerebellum in a variety of cognitive functions. 11 An fMRI study by Passamonti et al 33 showed abnormal activation of the cingulum and cerebellum (posterior lobe) in patients with ET during working memory trials. In our previous study on the correlation of GM volume with cognitive dysfunction in ET, we found that executive dysfunction correlated with GM volume values in the frontal lobe, cingulum, and cerebellum (posterior lobe). 34 The overactivation of the cingulum and cerebellum during working memory trials in an fMRI study 33 may represent compensation for volume loss and loss of WM integrity of these areas observed in our study. We observed significant impairment of the visuospatial functions in ETCI, an observation similar to that reported by Sahin et al. 3 Daniels et al 35 reported relative expansion of GM volume bilaterally in the region of the temporal parietal junction in patients with ET and attributed this to adaptive reorganization for compromised visuospatial functioning. In the present study, visuospatial dysfunction was correlated with diffusion measures of the right parieto-occipital lobe. Our previous study also found a correlation of visuospatial dysfunction with GM volume values in the parietal, temporal, and occipital lobes. 34 The right occipital and right parietal cortices are specialized for visuospatial function. 36 The correlation of the visuospatial dysfunction score with GM volume changes and diffusion parameters in these areas may suggest that structural damage in these areas may contribute to underlying dysfunction.
In the present study, we also found impairment in visual and verbal memory correlating with diffusion measures of the right anterior thalamic radiations, bilateral inferior longitudinal fasciculus, right uncinate fasciculus, and posterior lobe of the cerebellum. The inferior longitudinal fasciculus is known to play an important role in visual memory as demonstrated by previous postmortem, lesion, and imaging studies. 26 The uncinate fasciculus plays a role in the formation and retrieval of memories. 26 Thus, memory impairment seen in patients with ET may represent involvement of the cerebellothalamocortical loop. The involvement of memory seen in our study may help explain the risk of dementia in patients with ET, as demonstrated by a few previous studies. 37, 38 In our study, an association was observed between cognition and WM microstructure in ET. Such an association has been demonstrated in different degenerative disorders such as Parkinson disease and Alzheimer disease. 23, 39 It suggests a role of neurodegeneration in cognitive deficits seen in ET. Neuropathologic studies also provide evidence of neurodegeneration in ET. 32 Novellino et al, 40 for the first time, demonstrated increased iron accumulation in a group of patients with ET by using T2* MR imaging, further strengthening the role of neurodegeneration in ET.
Prospective longitudinal neuroimaging studies coupled with neuropathology are needed to substantiate the role of neurodegeneration in ET.
Limitations
Even though careful clinical examination was performed to exclude Parkinson disease, a dopamine transporter scan to demonstrate the integrity of the nigrostriatal network was not performed. TBSS definitely has its advantages in DTI analysis;
